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Packing of Russian doll clusters to form a nanometer-scale CsCl-type
compound in a Cr–Zn–Sn complex metallic alloy
Abstract
The new complex intermetallic alloy, Cr22Zn72Sn24, with a giant cubic unit cell (space group Fmc, Z = 8,
Pearson symbol cF944 with a = 25.083(3) Å) is reported. The structure can be described as a CsCl-type
packing of two “Russian Doll” type intermetallic clusters: a 99-atom cluster, Cr@(Cr8Zn6)(Sn)24(Zn)60,
composed of a central Cr atom encapsulated by three shells: a distorted rhombic dodecahedron, a snub-cube,
and a rhombi-icosidodecahedron; and a 55-atom cluster, Cr@(Zn)12(Zn)30(Zn)12, also composed of a
central Cr atom, but now surrounded by three different shells: an icosahedron, an icosidodecahedron, and a
larger icosahedron. The two distinct clusters can be considered as “superatoms” that form the resulting
nanometer-scale CsCl-type structure. Evaluating the electronic structure of this complex alloy structure
yielded an alternative description, involving a 3-d network of vertex-connected, Cr-centered icosahedra and
fragments of bcc metals. This description closely parallels the effective chemical bonding interactions,
allowing for an understanding of the stability of this CMA. Magnetic and Seebeck coefficient measurements
on self-flux grown crystals of Cr22Zn72Sn24 show it to be paramagnetic and metallic, in agreement with the
results of electronic structure calculations.
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The new complex intermetallic alloy, Cr22Zn72Sn24 ,with a giant cubic unit cell (space 
group 𝐹𝐹𝐹𝐹3�𝑐𝑐, Z = 8, Pearson symbol cF944 with a = 25.083(3) Å) is reported. The structure can 
be described as a CsCl- type packing of two “Russian Doll” type intermetallic clusters: a 99-
atom cluster: Cr@(Cr8Zn6)(Sn)24(Zn)60, composed of a central Cr atom encapsulated by three 
shells: a distorted rhombic dodecahedron, a snub-cube, and a rhombi-icosidodecahedron; and a 
55-atom cluster: Cr@(Zn)12(Zn)30(Zn)12, also composed of a central Cr atom, but now 
surrounded by three different shells: an icosahedron, an icosidodecahedron, and a larger 
icosahedron. The two distinct clusters can be considered as “superatoms” that form the resulting 
nanometer-scale CsCl-type structure. Evaluating the electronic structure of this complex alloy 
structure yielded an alternative description, involving a 3-d network of vertex-connected, Cr-
centered icosahedra and fragments of bcc metals. This description closely parallels the effective 





Intermetallic materials with nanoscale unit cell periodicities are of interest because, at 
that scale, quantum size effects may influence their chemical, electronic, magnetic, and optical 
behavior.[1-2] They can also display attractive properties for engineering applications, such as 
high strength-to-weight ratio, good oxidation resistance, high-temperature strength and low 
thermal conductivity.[3-6] Such compounds are infrequently reported, however, because their 
growth and crystallographic characterization can be quite challenging. Zn-, Al-, Cd- and Mg-rich 
intermetallic compounds are the most common chemical systems that allow for the formation of 
giant unit cell materials, often encompassing hundreds to thousands of atoms [see, e.g., ref. [3]]. 
These compounds belong to a broader class of periodic and quasiperiodic materials known as 
complex metallic alloys (CMAs). 
CMAs exhibit well-defined ordering of atoms over long length scales, often several 
nanometers. Over shorter distances, however, clusters of atoms can often be identified.[5] On 
occasion, these clusters are of the “Russian Doll” type, made of onion-like layers of ever larger 
shells of atoms surrounding a central small cluster or atom. These large clusters can then pack in 
various geometries, depending on the number of distinct clusters present, their sizes, and their 
ratios, to yield nanometer-scale unit cell sizes. Herein, we report that while investigating the 
suitability of a Zn-Sn low melting temperature mixture for crystallizing analogs to the cluster-
containing CMAs Mo7Zn40Sn12 [7] and Ru4Zn11.73Sn2.88 [8], we found a new CMA in the Cr-Zn-Sn 
system, Cr22Zn72Sn24 adopting a structure that is based on the ordering of two large Russian doll 
clusters of different sizes, composed of 99 and 55 atoms each, to yield a nanometer-scale 
structure of the CsCl-type, containing 944 atoms per unit cell.  
Descriptions of the chemical bonding features important for the stability of such complex 
compounds is often challenging, with the occurrence of a pseudogap (i.e. a strong depression) in 
the electronic density of states at the Fermi level frequently being a signature of chemical 
stability. [9-10] For this new Cr-Zn-Sn CMA, an analysis based on an alternative to the Russian 
doll view of the structure, based on the packing of 13 iscsahedral clusters with BCC structural 
fragments, is most productive.  The analysis based on this view allows us to predict the presence 
of a pseudogap in the electronic density of states, separating metal-metal bonding states below 
the pseudogap from metal-metal antibonding states above the pseudogap. This perspective may 
be related to the stability of the compound.  
  
Synthesis and Structural Characterization 
Crystals were obtained from mixtures of the elements, ∼3g total, of Cr (99.9%, Ames 
Lab), Zn particles (99.99%, Ames Lab), and Sn pieces (99.99%, Ames Lab)with a molar ratio of 
Cr:Zn:Sn = 1:3:3 loaded into alumina crucibles and sealed in evacuated (pressure < 10–5 Torr) 
silica tubes. The samples were heated to 800°C for 24 hrs, followed by cooling to 600°C at of 
1.0°C/min, and finally spun at 600°C at a speed of 3000 rps for 15 sec. The masses of crystalline 
products ranged from 0.1−0.2g, and the products were identified as cubic crystals under an 
optical microscope. The samples were examined by powder X-ray diffraction for scattering 
angles 2θ = 0°−130° on a STOE WinXPOW powder diffractometer employing Cu Kα radiation 
and a scintillation detector. Phase identification was accomplished with the aid of PowderCell 
using a sample obtained by grinding several cubic crystals, and lattice parameters were refined 
by full-profile Rietveld refinement[11] using LHPM RIETICA[12], employing peaks between 10° 
and 90° in 2θ. High-Resolution Transmission Electron Microscopy (HRTEM) images were 
collected and energy dispersive X-ray spectroscopy (EDS) analyses were conducted using a 
JEOL JEM 2100F FEGTEM (200 keV) with a Gatan UltraScan 1000 (2048×2048) CCD camera. 
Samples for TEM analysis were prepared by dropping an ethanol solution containing the samples 
onto the surface of a carbon-coated copper grid.  
Single crystals were mounted on the tips of glass fibers. Room temperature intensity data 
were collected on a Bruker Smart Apex CCD diffractometer with Mo Kα radiation. Data were 
collected over a full sphere of reciprocal space by taking three sets of 606 frames with 0.3° scans 
in ω with an exposure time of 20s per frame. The 2θ range extended from 3° to 60°. The 
SMART software was used for data acquisition. Intensities were extracted and corrected for 
Lorentz and polarization effects with the SAINT program.[13] Empirical absorption corrections 
were accomplished with SADABS.[14] With the SHELXTL package, the crystal structures were 
solved using direct methods and refined by full-matrix least-squares on F2.[15]  
 
Electronic Stucture Calculations 
The Stuttgart Tight-Binding, Linear-Muffin-Tin Orbital (TB-LMTO) program with the 
Atomic Sphere Approximation (ASA)[16-20] was utilized to calculate the density of states (DOS) 
and crystal orbital Hamiltonian population (COHP)[21] curves for Cr22Zn72Sn24. The 
 crystallographically refined atomic positions were employed, except for the the Zn11 sites (See 
Table II), which were placed at the idealized 48f positions. Exchange and correlation were 
treated using the von Barth-Hedin local density approximation.[22] All relativistic effects except 
spin-orbit coupling were taken into account by using the scalar relativistic approximation.[23] In 
the ASA, the radii of the WS spheres were obtained by requiring that the overlapping potential 
be the best possible approximation to the full potential, and were determined by an automatic 
procedure. The basis set included Cr 4s, 4p, and 3d orbitals, Sn 5s, 5p, and 5d orbitals, Zn 4s, 
and 4p orbitals, as well as 1s, 2p, and 3d functions at the first empty sphere and 1s, and 2p 
functions at the other two empty spheres. (Three sets of empty spheres were required.) The Zn 3d 
orbitals were treated as core states filled with 10 electrons. The Sn 5d orbitals were treated by the 
Löwdin downfolding technique[24] and the k-space integrations were accomplished by the 
tetrahedron method using 29 irreducible k-points in the Brillouin zone of the face-centered cubic 
cell. 
 
Results and Discussion 
Phase Analysis: The new CMA phase forms brittle, cubic-shaped crystals that are stable in air at 
room temperature. The composition was determined from the single crystal X-ray diffraction 
structure refinements on various crystalline specimens to be Cr22Zn72Sn24 and the crystal 
structure is closely related to those of Mo7Sn12Zn40[7] and the CMA in the Ru-Zn-Sb system [25]. 
(Table 1). The powder diffraction pattern (Figure 1) was successfully indexed and cell 
parameters refined using the atomic positions and unit cell parameters obtained from single 
crystal diffraction experiments. Based on the powder diffraction refinements, the cubic lattice 
parameter for the Cr-Sn-Zn compound (25.083(3) Å) is smaller than that of Mo7Sn12Zn40[7] 
(25.447(1) Å) but is slightly larger than those of the Ru-Zn-Sb CMA phases[25] (24.340(6)-
25.133(9) Å).  
The long-range translational periodicity of large clusters or arrays of metal atoms in solid 
alloys with few defects and narrow homogeneity widths can, at first, be surprising, and so 
Cr22Zn72Sn24 was investigated by electron microcopy to characterize its crystallographic nature. 
The [001] projection of a sample of Cr22Zn72Sn24 obtained in the TEM is shown in Figure 2 
(Left). The TEM dark-field (DF) image projected down the crystalline [001] axis (Figure 2 
(Right)) allowed for the determination of the orientation of the images through the d002 spacing 
 (~12.5 Å)of half (within error) of the crystallographic a axis. In the Fast Fourier Transform 
(FFT) filtered images (Fig. 2 Left), the square grid identifies a simple cubic-like arrangement of 
clusters with diameters of approximately 12.5 Å, i.e., the d002 spacing,∼ for Cr22Zn72Sn24. The 
electron diffraction and imaging study confirmed the high quality of the nanoscale ordering in 
the specimen because very few defects were observed and the packing of the large clusters was 
clearly visible. 
Crystal Structure Determination: The results of the single crystal X-ray diffraction investigation 
are summarized in Table 1, with the atomic positions, site occupancies, and equivalent isotropic 
thermal displacements listed in Table 2. The corresponding anisotropic displacement parameters 
and significant interatomic distances are available via the CIF-files (Supporting Information). 
The new CMA, with refined composition Cr22Zn72Sn24, crystallizes in the face-centered cubic 
space group 𝐹𝐹𝐹𝐹3�𝑐𝑐 (No. 226) with 944 atoms per unit cell distributed among 11 crystallographic 
sites in the asymmetric unit. There are no mixed site occupancies, so there is no chemical 
disorder in the compound, but the site labeled Zn11 (192j) is positionally disordered: it can only 
be occupied to a maximum level of 25%, due to the fact that Zn11 atoms would be too close to 
each other if more than one of the four 192j sites grouped around a 48f site is occupied at a 
particular location in the cluster. (The Ueq parameter of a Zn11 atom hypothetically placed on the 
48f site refines to 0.38(6) Å2, which is unrealistically large compared to the value of 0.068(5) Å2 
when Zn11 is on the 192j site; moreover, Rwp is not improved. (A Hamilton test on these two 
models indicates the Zn11 on 48f preferred over the Zn on 192j with a statistically significant 
improvement, at the (1-2.5)% significance level on the crystallographic R factor. [26]) Allowing 
the occupancy of the 192j site to freely refine yielded 27(2)% occupancy by Zn, within error of 
the occupancy expected (48/192 = 25%) to prevent short Zn11−Zn11 separations. Accordingly, 
placing the Zn11 atoms on the 192j with an occupancy of 25% was taken for the final 
refinements (see also the electron density distribution in the Fourier map in Figure S1)).  
 
“Russian Doll” Cluster Model: The structure of Cr22Zn72Sn24 can be described as a giant CsCl-
type structure comprised of two, large “Russian doll” clusters: (1) a 99-atom cluster centered at 
the 8a (¼, ¼, ¼) sites, point symmetry O (432), Cr@(Cr)8(Zn)6(Sn)24(Zn)60, and (2) an 
icosahedral-like 55-atom Mackay cluster centered at the 8b (0, 0, 0) sites, point symmetry Th 
(m3�), of Cr@(Zn)12(Zn)30(Cr)12. The 99-atom cluster contains a Cr-centered distorted rhombic 
 dodecahedron of 8 Cr atoms forming a cube and 6 Zn atoms, which are positionally disordered 
(Zn11 sites; see discussion above), capping each face of the cube.  This kernel is successively 
encapsulated by a snub cube of 24 Sn atoms and a rhombi-icosidodecahedron of 60 Zn 
atoms.The 55-atom Mackay cluster consists of a single Cr atom surrounded by three successive 
shells - an icosahedron of Zn, an icosidodecahedron of Zn, and a second icosahedron of Cr atoms 
that cap every pentagonal face of the icosidodecahedron.  The relative diameters of the two 
different super-clusters is in line with expectations for filling the body-centered voids of a simple 
cubic packing of larger spheres (i.e. the 99-atom clusters) with smaller spheres (i.e. the 55-atom 
Mackay clusters) to optimize packing efficiency and yield stability for a CsCl-type array.[27-28]    
Analysis of Structural Stability for Cr22Zn72Sn24: The electronic origins of the stability of CMAs 
such as Cr22Zn72Sn24 can be challenging to determine from first-principles calculations due to 
their structural and chemical complexity. Nevertheless, the stabilities of structures of many 
CMAs have been rationalized using a Hume-Rothery valence electron counting scheme.  This 
approach is based on the nearly-free-electron model for electronic states, such that the Fermi 
surface of the CMA, approximated by a sphere of radius kF (the Fermi wavevector), lies close to 
a large number of Brillouin zone faces whose positions in k-space have been set up by the 
periodic potential of the atomic positions. [9] Since the Brillouin zone faces bisect reciprocal 
lattice vectors Khkl, for a cubic structure with lattice constant a the Hume-Rothery criterion for 
stability is:  
kF ≈ |Khkl|/2 = (π/a)[h2 + k2 + l2]1/2. (1) 
When this condition is met, the resulting interactions between electronic states at the Fermi 
surface, i.e., so-called Fermi surface-Brillouin zone (Fs-Bz) interactions, create energy gaps at 
the Fermi level in the electronic energy band structure at various places in the Brillouin zone. 
These specific energy gaps in the band structure result in an overall suppression of the electronic 
density of states (DOS) as a “pseudogap”. Since the Fermi surface is set by the number of 
valence electrons N and the resulting number of occupied electronic states within the Fermi 
sphere, the criterion for strong Fs-Bz interactions, equation (1), sets the number of valence 
electrons per unit cell Ncell to be 
Ncell = (kF3Vcell)/3π2 = (π/3)[h2 + k2 + l2]3/2, (2) 
 and, therefore, a corresponding valence electron concentration expressed as an electron-to-atom 
(e/a) ratio as  
e/a = Ncell/Acell = (π/3Acell)[h2 + k2 + l2]3/2, (3) 
in which Acell is the number of atoms per unit cell. This model has been successfully applied to 
CMAs ranging from γ-brasses like Cu5Zn8 (cI52) and Cu9Al4 (cP52), which show optimal e/a 
ratios of ∼1.615,[10] to a series of Mackay-type icosahedral quasicrystals in the Al–Cu–T (T = Fe, 
Ru, Os) and Al–Pd–T (T = Mn, Re) systems, for which e/a = 1.75.[29-31]  In these CMAs, the 
Brillouin zone faces that yield the optimal Fs-Bz interactions occur for the most intense (hkl) 
peaks observed in the X-ray diffraction pattern. For Cr22Zn72Sn24, the four most intense peaks 
occur in the range of scattering angle 2θ of 36°−44°.  Listed in Table 4 are the requisite pieces of 
information that, when used in equations (1)-(3), yield an e/a value of 1.657 for Cr22Zn72Sn24. 
This value lies closer to the e/a value for the crystalline γ-brass structures, which contain 
condensed icosahedra (1.615), than that for Mackay-type icosahedral quasicrystals (1.75).  
To see if a pseudogap, indeed, emerges in the electronic DOS of Cr22Zn72Sn24, we 
calculated its electronic structure using the tight-binding approximation, the results of which are 
depicted in Figure 5. The Fermi level EF of Cr22Zn72Sn24, as indicated by the dashed line, falls 
just above a deep pseudogap in the DOS curve, in partial agreement with the Hume-Rothery 
notions described above. The Fermi level falls in a region of the DOS that is dominated by Cr 3d 
orbitals, but with moderate contributions from Zn and Sn valence s and p states.  An analysis of 
the pairwise orbital interactions for Cr22Zn72Sn24 (186e−/formula unit)  from COHP curves 
indicates that the Cr−(Zn, Sn) contacts and the Cr−Cr contacts forming the inner kernel of the 
99-atom Russian doll cluster are essentially optimized because all bonding states are filled and 
all antibonding states are unoccupied at the Fermi level. This computational result rationalizes 
the chemical stability of the CMA Cr22Zn72Sn24. However, to gain a deeper understanding of the 
chemical bonding in this and related CMAs, further computational analysis of the electronic 
structures is required, an exercise which is outside the scope of the present study. 
Nevertheless, both the e/a value for Cr22Zn72Sn24 and the optimized Cr−(Zn, Sn) polar-
covalent bonding inspired us to consider alternative models for its crystal structure, viz., models 
with greater emphasis on icosahedral or dodecagonal motifs. One alternative perspective of the 
structure of Cr22Zn72Sn24 also divides the structure into two fragments, shown in Figure 4, but 
 now emphasizes the presence of icosahedrally symmetric I13-type clusters condensed along 
{100} directions, and the insertion of rhombic dodecahedra, which are small fragments of body-
centered cubic packing, into the large octahedrally symmetric voids. The I13-cluster of 127 
atoms, consists of twelve Cr@(Zn10Sn2) icosahedra that are vertex-connected to a central 
Cr@(Zn12) icosahedron. In Cr22Zn72Sn24, each I13-cluster can thus be formulated as 
[Cr@(Zn12/2)][Cr@(Zn6/2Zn4Sn2]12, and, upon condensation via 48 terminal Zn atoms, (8 each 
along each of the six {100} directions), the net of I13-clusters gives the structural formula 
[Cr@(Zn12/2)][Cr@(Zn6/2Zn4/2Sn2]12. The atomic arrangements within the I13-clusters found in 
Cr22Zn72Sn24 most closely resembles the I13-cluster motif found in Mo7Zn38.7Sn12[7] and 
V7Zn40Ga12[32] but is less similar to that found for Ru13Zn33.5Sb12[33] (see Table S4 in Supporting 
Information) However, the clusters occupying the octahedrally symmetric voids in these three 
compounds are distinctly different: Mo7Zn38.7Sn12 contains a bcc-like rhombic dodecahedron 
MoZn11.4; Ru13Zn33.5Sb12[33] exhibits a highly disordered RuZn13.1 cluster; and the void of 
V7Zn40Ga1231 is occupied by a stuffed cuboctahedron VZn12.   
 
Conclusions   
The synthesis, structural characteristics, and computational electronic structure of a new 
complex metallic alloy, Cr22Zn72Sn24, are presented. This new CMA shows nanoscale cubic 
lattice parameters, built of two types of Russian doll clusters formed from onion-skin-like layers 
of atoms. The resulting superclusters are arranged in a nanometer-scale CsCl-type packing. The 
e/a ratio found for this new CMA places it between cubic γ-brasses and icosahedral quasicrystals, 
and its electronic DOS curve shows a pseudogap near the Fermi level with optimized Cr−(Zn,Sn) 
polar-covalent bonding. These results suggest that the stability of this CMA can be explained by 
a Hume-Rothery valence electron counting rule such as is used to rationalize the stability of 
much less complex metallic phases.  
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 Figure captions 
 
Figure 1. Powder X-ray diffraction pattern used for the unit cell parameter refinement of 
Cr22Zn72Sn24 at 293K. (Inserted figures illustrate single crystals synthesized using a Zn/Sn 
eutectic flux.)  
Figure 2. (Left) [001] Projection of Cr22Zn72Sn24 obtained by HRTEM tilting experiments. 
(Right) Dark-field (DF) images of the crystalline [001] axis of Cr22Zn72Sn24.  
Figure 3. Crystal structure of Cr22Zn72Sn24 constructed by CsCl-type packing of Russian doll 
clusters (red: Cr; green: Zn; blue: Sn). 
Figure 4. Crystal structure of Cr22Zn72Sn24 emphasizing the I13- and bcc-clusters (red: Cr; 
green: Zn; blue: Sn) 
Figure 5. Electronic density of states and crystal orbital Hamilton population curves for 
Cr22Zn72Sn24. The Fermi level is the energy reference.  Cr states shaded in yellow; Cr 3d states 




 Table 1.  Loaded composition, yield, lattice constant, and refined composition obtained from cubic crystals obtained 
from Cr-Zn-Sn flux syntheses. SCXRD = single crystal X-ray diffraction; EDX = energy dispersive X-ray 
spectroscopy. 
Loaded Composition “CrSn3Zn3” 
Yield 
Cubic crystals: 0.1-0.2g 
Flux: 2.8-2.9g 
a (Å) (SCXRD) 25.184(4) 
Composition (SCXRD) Cr22Zn72Sn24 
Composition (EDX) Cr20.8(4)Zn68.7(6)Sn28.7(4) 
 
Table 2.  Selected crystallographic data for Cr22Zn72Sn24 at 293(2) K. 
Specimen (Loaded) “Cr1Zn3Sn3” 
Refined Formula Cr22Zn72Sn24 
F.W. (g/mol); F(000) 8699.20; 31104 
Space group; Z Fm–3c (No. 226); 8 
Lattice Parameter (Å) a = 25.184(4) 
Volume (Å3) 15972(4) 
dcalc (Mg/m3) 7.235 
Absorption Correction Multi-scan 
µ(mm−1) 31.320 
θ range (°) 1.62-28.33 
hkl ranges –33 ≤ h, k, l ≤ 33 
No. independent reflections; Rint 896; 0.0817 
No. parameters 60 
R1; wR2 (all I) 0.0406; 0.0699 
Goodness of fit 1.094 
Diffraction peak and hole (e−/Å3) 2.938;–2.464 
 
  
 Table 3.  Atomic coordinates, site occupancies, and equivalent isotropic displacement parameters of Cr22Zn72Sn24 at 
293(2) K.  Ueq is defined as one-third of the trace of the orthogonalized Uij tensor (Å2). 
 
 Atom Wyckoff Site Occupancy x y z Ueq 
“I13”-
Cluster 
Cr1 8b 1 0 0 0 0.005(1) 
Cr2 96i 1 0 0.1103(1) 0.1756(1) 0.007(1) 
Zn3 48e 1 0.1778(1) 0 0 0.009(1) 
Zn4 96i 1 0 0.0869(1) 0.0547(1) 0.007(1) 
Zn5 96i 1 0 0.2189(1) 0.1483(1) 0.012(1) 
Zn6 96h 1 ¼ 0.0563(1) 0.0563(1) 0.009(1) 
Zn7 192j 1 0.0571(1) 0.0901(1) 0.1463(1) 0.010(1) 
Sn8 192j 1 0.0960(1) 0.2054(1)  0.1630(1) 0.017(1) 
“bcc”-
Cluster 
Cr9 8a 1 ¼ ¼ ¼ 0.005(1) 
Cr10 64g 1 0.1904(1) 0.1904(1) 0.1904(1) 0.047(1) 
Zn11 192j ¼  0.1538(2) 0.2677(3) 0.2677(3) 0.068(5) 
  
 Table 4. (h, k, l) Indices and multiplicities, d-spacings, Khkl, kF, and corresponding e/a values for the four most 
intense peaks in the powder X-ray diffraction pattern of Cr22Zn72Sn24. 
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